IMPORTANCE Airflow obstruction on spirometry is universally used to define chronic obstructive pulmonary disease (COPD), and current or former smokers without airflow obstruction may assume that they are disease free.
C igarette smoking continues to be a common addiction in the United States despite efforts to reduce its prevalence. Approximately 49% of adult Americans 45 years or older are current or former smokers, and approximately 19% of the adult population currently smoke. 1, 2 Chronic obstructive pulmonary disease (COPD), a consequence of smoking, is the third leading cause of death in the United States and a major cause of chronic disability. 3 Although COPD is traditionally defined by airflow obstruction on spirometry, smokingassociated effects on the lungs related to COPD also include emphysema, gas trapping, and chronic bronchitis. 4, 5 Current thinking that only a minority of smokers will ever develop COPD 6, 7 may underestimate the potential for disease and impairment. Symptoms such as productive cough, dyspnea, and exercise intolerance may be dismissed as normal aging, especially in older former smokers. Information is sparse about effects of smoking on individuals not diagnosed as having COPD (based on spirometry), and data from high-resolution computed tomography (CT) scanning in these individuals are limited. [8] [9] [10] Smoking cessation reduces the severity of respiratory symptoms and slows the mean rate of lung function decline but does not eliminate the risk of progressive lung disease.
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Studies 8,11-14 document a steady decrease in forced expiratory volume in the first second of expiration (FEV 1 ) associated with smoking that exceeds normal age-related decline. However, spirometry may be insensitive to early disease or subclinical lung pathology, 15 in part because variation in the maximally attained FEV 1 of young adulthood gives smokers with higher values a greater buffer before declining to defined disease levels. 11, 16 Collectively, these considerations suggest that current spirometric criteria for diagnosing impairment due to COPD and identifying smoking-related lung disease may be inadequate. We postulated that many chronic cigarette smokers (current and former) without spirometric evidence of COPD would have impairments in physical function, quality of life, and respiratory symptoms. We further theorized that highresolution CT scanning would demonstrate significant lung disease in a substantial fraction of individuals. We studied a well-characterized cohort of smokers enrolled in the Genetic Epidemiology of COPD (COPDGene) cross-sectional observational study who did not meet spirometric criteria 17 for COPD and compared them with a small group of never smokers and with a Global Initiative for Obstructive Lung Disease (GOLD) 1 (mild COPD) group. We chose to use the label GOLD 0, which has been discarded from the GOLD classification, although this group is no longer included in the spirometric categories of the current GOLD classification. Population-based cohorts usually do not have enough diseased individuals for study. In contrast, a disease-specific cohort is not population based and may lack generalizability. We chose to align the 3 segments of the COPDGene cohort that had been recruited from a general population (never smokers, GOLD 0 individuals, and GOLD 1 individuals) to the population-based National Health and Nutrition Examination Survey (NHANES) cohort using spirometry and smoking exposure to enhance the generalizability of our findings.
Methods
Institutional review board approval of the study was obtained at 21 clinical centers. Written informed consent was obtained from all participants. The COPDGene study was funded in September 2007, and the first participants were enrolled in January 2008. Enrollment ended in July 2011. The COPDGene study includes 10 192 individuals 45 to 80 years old with at least a 10 pack-year smoking history, along with a comparison group of 108 never smokers of a similar age range. The details of the planned study design were described previously. 18 Individuals were self-identified as non-Hispanic African American or non-Hispanic white race. Only 2 racial groups were enrolled to provide adequate power for genetic analyses. Smokers were enrolled based on smoking history and were classified using GOLD spirometric criteria based on postbronchodilator spirometry. 17 Recruitment strategies for smokers with COPD included outpatient clinics, word-of-mouth communication to friends and spouses of individuals with COPD, advertisements, and outreach to community groups and churches. Participants were recruited from local communities at 21 sites across the United States. Clinical centers were instructed to not recruit individuals without COPD from pulmonary clinics and to target community sources. The never smokers were recruited from the same sources at 12 centers to reflect a normal aging distribution for CT-based lung changes without any diagnosed lung disease. Additional details of the study methods are described in the eMethods in the Supplement. This report focuses on the GOLD 0 group (n = 4388), defined as current and former smokers with a normal postbronchodilator ratio of FEV 1 to forced vital capacity exceeding 0.7 and an FEV 1 percentage of at least 80% predicted. They were compared with never smokers (n = 108) and with the GOLD 1 (mild COPD) group (n = 794).
Imaging
Detailed CT protocols for the COPDGene study have been published previously. 18, 19 Quantitative analysis of emphysema severity and gas trapping was performed on segmented images using software programs (3DSlicer; http://www.slicer.org and Pulmonary Workstation 2; vidadiagnostics).
Visual Scoring of Chest CT Scans
In total, 300 GOLD 0 CT scans were randomly selected for visual scoring. 20 One hundred scans were randomly selected from never smokers and GOLD 1 individuals. At least 2 and up to 5 readers (D.A.L., J.H.M.A., P.A.G., H.-U.K., S.S.K., K.Y., and J.D.C.) were blinded to group membership and independently read the CT scans. The scans with divergent readings were reread for a consensus score.
Respiratory medication use in the Gold 0 group was compared between individuals with and without any impairment by category (beta-agonists, inhaled corticosteroids, and inhaled anticholinergics). In addition, individuals who reported medication use were compared with those who did not.
Statistical Analysis
We analyzed discrete data and dichotomous data using χ 2 test
or Fisher exact test. For continuous data, we used the t test (for normal data) or Wilcoxon rank sum test (for nonnormal data). We considered α < .05 to be statistically significant. We estimated least squares means for continuous variables after adjusting for age, sex, race, and group in the basic description of the COPDGene cohort in Table 1 . We used multiple linear regression to assess the factors predicting respiratory quality of life, as measured by the SGRQ total score, among smokers with normal spirometry. We selected variables for the initial regression model from univariate analyses that demonstrated differences between the study groups and that were associated clinically with quality of life for individuals with COPD. We then refined this initial regression model using backward elimination to eliminate nonsignificant terms. Model fit was assessed using residual plots, which demonstrated that the model was appropriate. We used statistical software (JMP, version 10, and SAS, version 9.2; SAS Institute) to analyze the data.
NHANES Cohort
To assess the generalizability of COPDGene data to the broader population, we used the NHANES population. We reclassified our participants based on their prebronchodilator spirom- etry values, extracted an age-similar population from the NHANES, and grouped both cohorts as never smokers, smokers without COPD by GOLD criteria (GOLD 0), and GOLD 1. The objective of this comparison was to determine whether the COPDGene never smokers and GOLD 0 group had spirometry similar to that of individuals from the general population. We identified non-Hispanic African American and nonHispanic white individuals 45 to 80 years old from the 2007 to 2010 NHANES data set who were never smokers or who had smoking exposure equivalent to that of the COPDGene cohort (minimum of 10 pack-years of smoking). Members of the NHANES cohort were selected from a total of 20 686 enrolled individuals. We excluded the following groups: individuals younger than 45 years and older than 80 years (n = 14 421), Hispanic or mixed-race individuals (n = 1997), never smokers with abnormal spirometry (n = 711), any individual with missing spirometry (n = 541), smokers whose spirometry was classified as Preserved Ratio Impaired Spirometry (n = 197), 23, 24 and smokers with less than 10 pack-years of smoking history (n = 364). The final NHANES cohort for analysis included 2455 individuals.
Results

GOLD 0 Group
The GOLD 0 group was significantly younger and had less smoking exposure than the individuals with COPD in the GOLD 1 through GOLD 4 groups (mean [SD], 37.2 [20.2] pack-years vs 45.0 [24.6] pack-years in the GOLD 1 group; P < .001) ( Table 1 and eFigure 1 and eTable 1 in the Supplement). The GOLD 0 group had higher proportions of women and non-Hispanic African Americans. Variables in Table 1 were adjusted for age, sex, and race to address those differences. Current smoking was more common in the GOLD 0 group than in the GOLD 1 group (59.7% [2619 of 4388] vs 55.8% [443 of 794], P < .001), and body mass index (calculated as weight in kilograms divided by height in meters squared) was higher than in the GOLD 1 group, as was the proportion with obesity (body mass index, >30). Rates for dyspnea and respiratory exacerbations were similar in the GOLD 0 and GOLD 1 groups, while chronic bronchitis was more frequent in the GOLD 1 group. Comorbid diseases were more common in both the GOLD 0 and GOLD 1 groups compared with never smokers, although the never smokers had significant comorbid disease, reflecting the age distribution of the group. Detailed information by race is provided in eTable 2 and eTable 3 in the Supplement. 
NHANES Cohort
Radiologic Findings
There was a significant increase in airway wall area percentage at the segmental and subsegmental levels in the GOLD 0 group compared with never smokers ( There was a steady increase in the proportion of individuals with emphysema or gas trapping disease in each decade of advancing age among the current and former smokers (P < .001, Cochran-Armitage test for trend). Visual scoring on the 300 randomly selected CT scans demonstrated significant increases in emphysema and airway thickening in the GOLD 0 group (24.0% [72 of 300] and 30.7% [92 of 300], respectively) compared with never smokers (3.0% [3 of 100] and 9.0% [9 of 100], respectively). Overall, 42.3% (127 of 300) of CT scans in the GOLD 0 group showed emphysema or airway thickening, and 84.7% (61 of 72) of those who visually scored positive for emphysema had less than 5% quantitative emphysema, suggesting that visual scoring is more sensitive in identifying emphysema. Representative CT examples are shown in eFigure 2 in the Supplement of GOLD 0 group members who had definite emphysema or definite airway thickening. In both individuals whose CT scans are depicted in eFigure 2 in the Supplement, there were significant imaging abnormalities, despite preserved airflow.
Respiratory Symptoms
Significant dyspnea (modified Medical Research Council dyspnea score, ≥2) was reported in 23.5% (1029 of 4387) of the GOLD 0 group vs only 3.7% (4 of 108) of never smokers and 22.7% (175 of 794) of the GOLD 1 group. Episodes of severe respiratory exacerbations over the previous year were reported in the GOLD 0 group at a rate similar to that in the GOLD 1 group (4.3% [190 of 4388] and 4.9% [39 of 794], respectively). Chronic bronchitis was present in 12.6% (552 of 4388) of the GOLD 0 group, although the 15.7% (125 of 794) reported in the GOLD 1 group was significantly higher (P = .02). Never smokers had no reports of severe respiratory exacerbations or chronic bronchitis.
Comparison of Current vs Former Smokers
Current smokers showed striking differences compared with former smokers (eTable 1 in the Supplement). In the GOLD 0 group, current smokers were younger and had a lower educational level, fewer comorbid diseases, and greater pack-years of smoking. They had a lower 6-minute walk distance, worse SGRQ total scores, and more dyspnea, chronic bronchitis, and exacerbations. However, they also had less emphysema and gas trapping but higher airway wall area percentage, suggesting greater active airway inflammation. The pattern of more symptoms but less emphysema and gas trapping with more airway thickening among current smokers persisted in the GOLD 1 group and in the GOLD 2 through 4 groups. Individuals in all groups were likely to stop smoking with advancing age, especially in those older than 60 years ( Figure 1 and eFigure 3 in the Supplement), although no data were collected regarding their reasons for smoking cessation. 
Former smokers
A, Current or former smoking status was assessed in the GOLD 0 group by self-report. The percentage of individuals reporting current or former smoking in each age category is shown and demonstrates steady declines in current smoking with advancing age. Individuals were not surveyed about their reasons for smoking cessation. B, The presence of emphysema and gas trapping was determined for each participant. Individuals with emphysema (>5%) or gas trapping (>20%) were identified by age group. Overall, 20.1% (744 of 3708) of the GOLD 0 group had abnormal emphysema or gas trapping. After age 75 years, 65.3% (382 of 585) of current and former smokers had radiologic evidence of disease. The increase in emphysema or gas trapping by advancing age group (P < .001 for both, Cochran-Armitage test for trend) supports the hypothesis that imaging changes are later manifestations of smoking-related lung disease. The age-related pattern is present in current and former smokers (P < .001 for both, Cochran-Armitage test for trend).
Clinical and Radiologic Disease in Smokers With Normal Spirometry
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Impairments and Use of Medications
Impairments were common among the GOLD 0 group: 54.1% (2375 of 4388) of these current and former smokers had 1 or more impairments compared with 73.7% (585 of 794) of the GOLD 1 group and 24.1% (26 of 108) of the never smokers. The GOLD 0 group had worse quality of life (mean [SD] SGRQ total score, 17.0 [18.0] vs 3.8 [6.8] for the never smokers; P < .001).
Analysis of the relative frequency of each impairment and of the cumulative frequency of impairments showed that the GOLD 0 group was more similar to the GOLD 1 group than to the never smokers ( Table 3) . A modest effect of participantreported asthma on reports of impairments is shown in eTable 5 in the Supplement. Medication use also suggests clinically significant respiratory disease in the GOLD 0 group. Among individuals with respiratory impairments or symptoms (n = 2375), 20.0% (475 of 2375) were using some respiratory medication compared with 29.1% (170 of 585) of the symptomatic individuals in the GOLD 1 group (Table 4 and Table 5 ). By contrast, only 5.96% (108 of 1812) of the GOLD 0 group members without impairments or symptoms used respiratory medications. Individuals who had been prescribed medications were more likely to be female and reported worse dyspnea, greater exacerbations, and more chronic bronchitis, with much worse quality of life and more airway disease (but not greater emphysema or gas trapping).
Functional Exercise Tolerance and Quality of Life
The GOLD 0 group had a significantly worse 6-minute walk distance than never smokers (mean [SD] , 447 [103] vs 493 [102] m; P < .001). All 4 scales of the SGRQ were significantly higher (worse) in the GOLD 0 group compared with never smokers, Using the SGRQ total score as the outcome variable in a multiple regression model, we tested the following variables as predictors: age, sex, race, body mass index, current smoking status, pack-years, chronic bronchitis, severe exacerbations, any flare of respiratory trouble, bronchodilator responsiveness, FEV 1 percentage predicted, coronary artery disease, gastroesophageal reflux disease, and modified Medical Research Council dyspnea score. Except for race, sex, bronchodilator responsiveness, and FEV 1 percentage predicted , all other variables were significant predictors of quality of life in the GOLD 0 group (eTable 6 in the Supplement).
NHANES Comparison and Occult Airflow Obstruction
The distribution of prebronchodilator FEV 1 percentage predicted values among the 3 groups (never smokers, GOLD 0, and GOLD 1) of the COPDGene cohort is similar to that of the 3 groups in the NHANES (Figure 2) . The results incorporating a large group of never smokers and still sizable numbers of GOLD 0 and GOLD 1 individuals suggest that these groups in the COPDGene cohort are similar to a truly population-based cohort and that the decrease in the mean FEV 1 between never smokers and the GOLD 0 group is less likely to be due to skewed recruitment of participants. Rates of coronary artery disease in the GOLD 0 group were 7.5% (329 of 4388) for the COPDGene cohort and 10.3% (74 of 719) for the NHANES cohort, and obesity prevalences in the GOLD 0 group were 36.8% (1615 of 4388) for the COPDGene cohort and 41.7% (300 of 719) for the NHANES cohort.
Discussion
This study demonstrates that many current and former smokers who did not meet the spirometric criteria for COPD had significant respiratory disease. There was clinical disease with dyspnea, chronic bronchitis, lower 6-minute walk distances, and worse quality of life, and more than half of the individuals had emphysema or evidence of airway disease on CT scan, demonstrating physiological changes from smoking. It appears that smoking progressively takes its toll with advancing age, even when spirometry remains within the population norms. Current smokers had more ongoing respiratory symptoms. However, with advancing age, the numbers of former smokers increased, and they had more smoking-related symptoms and CT-identified lung disease. Quantitative analysis of airway wall area percentage showed increased airway thickness in 32.2% (1325 of 4118) of the GOLD 0 group, and 42.3% (127 of 300) of our visually scored CT scans in the GOLD 0 group manifested significant emphysema or airway thickening, demonstrating how imaging complements spirometry to define smoking-induced lung damage. Visual scoring was more sensitive in identifying early emphysema than quantitative analysis of lung density and identified a high frequency of airway wall thickening in this group. 25 Computed tomography scans have previously identified early emphysema and airway disease in smokers without spirometric disease, 8, 26 and this structural lung damage was associated with greater decline in lung function. 10 In our large group of GOLD 0 members, we found lung damage among a sizable proportion, and the proportion increased with age. domized Lung Cancer Screening Trial (NELSON) instead selected the 75th percentile (1.2% for current smokers and 1.7% for former smokers). Using those criteria, we would have identified more CT emphysema and matched our visual scoring of emphysema more closely.
A significant proportion of the GOLD 0 group (54.1% [2375 of 4388]) had 1 or more respiratory-related impairments related to smoking. The impairments that we quantified are commonly identified in individuals with known COPD, supporting the association of these characteristics with effects of smoking on lung and general health. Comparison with the GOLD 1 group, defined as having mild COPD, demonstrates similar proportions of individuals with these impairments, but they are distinguished primarily by greater levels of radiologic findings. In general, the GOLD 0 group had significantly worse quality of life, more respiratory exacerbations, and reduced physical function compared with the somewhat older never smokers. For individuals who ostensibly did not have obstructive lung disease, adjusted models showed that current smoking, pack-years, respiratory symptoms and exacerbations, and dyspnea accounted for a large proportion of the variance in their quality of life.
The GOLD 0 group was younger and had fewer packyears of smoking exposure than the GOLD 1 group in both the COPDGene and NHANES cohorts, suggesting that some portion of the GOLD 0 group may be in an earlier phase of lung disease, with the potential to progress. The GOLD 0 group had evidence of airflow obstruction compared with never smokers of similar age despite falling within the population norms for FEV 1 . We postulate that some of these smokers may have attained a lower maximal lung function earlier in life given that the smoking habit began before age 19 years in 74.1% (3253 of 4388) of the GOLD 0 group or sustained a significant loss of airflow. Burrows 16 described both of these proposed mechanisms in his description of obstructive lung disease, and he and Fletcher and Peto 11 demonstrated the effect of smoking on the natural history of chronic airflow obstruction. More recent work has confirmed reductions in maximal lifetime FEV 1 in smokers, and the presence of respiratory symptoms (eg, chronic bronchitis) increases the rate of FEV 1 decline. 28 Therefore, we believe that a single measurement of FEV 1 can be used to identify obstruction when it is below a population-defined lower limit of normal, but it may not be able to define loss of function when it remains above a population norm but has declined significantly for an individual. Although current guidelines 29 for treating COPD do not include treating smokers with normal spirometry, practicing physicians appear to recognize the role of medications to relieve symptoms. Respiratory medications were being taken by 20.0% (475 of 2375) of the subset of the GOLD 0 group with 1 or more impairments. Despite the use of medication by these individuals, they reported more symptoms and had more evidence of airway disease. Further research is needed to delineate effective treatments for the GOLD 0 group of patients. The study has several limitations. Recruitment of smokers without COPD was community based and focused on a smoking history rather than known COPD. Although we have shown that the study groups align well with the NHANES cohort, our study was not rigorously population based, and it is possible that the recruitment strategy we used resulted in a group with greater symptoms or imaging abnormalities than would be found in another study. However, rates of coronary artery disease and obesity in our GOLD 0 group were slightly lower than those in the NHANES cohort, suggesting that we have not recruited a sicker group of individuals. Findings may differ in other racial groups.
Conclusions
Overall, our findings point to limitations in the current diagnostic criteria for COPD and suggest that smokers with clinical and physiological disease are not identified by spirometry. Some authors have identified difficulties in defining a disease in which there are alternative definitions.
30,31 Chronic obstructive pulmonary disease has a spirometric definition but also pathologic and structural changes (emphysema and large and small airway inflammation with thickening), in addition to symptoms of dyspnea, exercise limitations, and chronic bronchitis. We found that more than half of the smokers with normal spirometry have significant disease. We believe that our results highlight the importance of smoking prevention and cessation as a primary strategy to prevent lung disease and other longterm effects of smoking. In the US population of more than 76 million people 55 years or older, there are an estimated 35 million who are current or former smokers, many of whom may remain undiagnosed when identification of COPD is based solely on spirometry. 2, 32 Unfortunately, stopping smoking does not appear to eliminate lung disease, and these individuals may require the attention of health care systems. 33 Strategies to prevent the development and progression of COPD are needed for this large segment of the US population.
